the following estimates of the time constants for sh:pe relaxation along each of the paths. For lattice diffusion:
u3kT TL = DLyR
where DL is the lattice diffusion coefficient. For surface diffusion:
where DsS is the (experimentally directly accessible) product of the surface diffusivity and the effective thickness of the diffusion layer. For vapor transport:
TV = r2(2mz)"2(kT)3'2
PYfi2 (4) where m is the atomic mass. Surface diffusion, with a time constant proportional to y4, is dominant for small grains (smallest time constant means fastest process). Vapor transport, with a time constant proportional to r2, is dominant for large grains. Since, generally for a given system, the activation energy for the vapor pressure is greater than that for the lattice diffusivity, which in turn is greater than that for the surface diffusivity, one expects these processes to dominate in that order with decreasing temperature. Table I" gives examples for 20-pm-diameter particles of Cu and W at their respective melting temperatures. In Cu of this size, vapor transport never dominates, whereas in W it is the dominant mechanism at the melting temperature. Figure 5b illustrates the diffusion paths leading to shape relaxation in multilayers by grain-boundary grooving. In the initial stage of relaxation, when the groove depth h is still small compared to the distance d' between the grain boundaries, its evolution is described by treatment13 of grain-boundary grooving at a free surface. The only difference is that vapor transport does not occur and that grain-boundary diffusion takes the place of surface diffusion. At these short distances lattice diffusion can be ignored. A simple dimensional analysis gives an estimate of the evolution with time, t:
where DB6 is the (experimentally accessible) product of the grain-boundary diffusivity and thickness. Note the similarity to Equation 3. 
The temperature determines which type of diffusion dominates. For example, for d = 1 pm in Cu, DLd = DC6 at 1300 K; for d = 10 pm the temperature is 1046 K. This is consistent with Coble creep as the dominant deformation mechanism in the zero-creep experiments discussed earlier in this section.' By setting h = d in Equation 6 , one can obtain an estimate of the time it takes to complete the grooving process. For l-pm Cu at 1000 K, the relaxation time is about lo5 s. This again is consistent with the time scale of the zero-creep experiments.
Stability
Equilibrium interface shapes and applied forces were discussed in the first three sections. However some grain shapes and/or dimensions permit interface shapes that, though they have constant curvature and satisfy groove angle requirements, are not stable to perturbations. There are also geometries for which constant curvature shapes simply do not exist. These two conditions, along with inappropriate applied forces, lead to three types of instabilities that can degrade a thin film or a multilayer: (1) the action of equilibrium forces that decrease with increasing sample size; (2) the action of applied forces that are inconsistent with the capillary forces; and (3) the absence of a continuous minimal surface consistent with the volumes and inplane dimensions of the grains."
The first instability manifests itself as coarsening: the growth of large grains at the expense of smaller ones (grain growth). The second is the basis of the zero-creep experiments used to measure surface and interfacial free energies; application of forces other than the equilibrium values leads to nonzero strain rates.
The third instability, which applies to local grain dimensions and groove angles, is most immediately destructive. It was noted in the section on thin films and multilayers that the shapes of equilibrated interfaces in continuous films and multi-
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I the following estimates of the time constants for shape relaxation along each of the paths. For lattice diffusion:
where Ds6 is the (experimentally directly accessible) product of the surface diffusivity and the effective thickness of the diffusion layer. For vapor transport:
where m is the atomic mass. Surface diffusion, with a time constant proportional to r4, is dominant for small grains (smallest time constant means fastest process). Vapor transport, with a time constant proportional to Y', is dominant for large grains. Since, generally for a given system, the activation energy for the vapor pressure is greater than that for the lattice diffusivity, which in turn is greater than that for the surface diffusivity, one expects these processes to dominate in that order with decreasing temperature. Table I" gives examples for 20-pm-diameter particles of Cu and W at their respective melting temperatures. In Cu of this size, vapor transport never dominates, whereas in W it is the dominant mechanism at the melting temperature. Figure 5b illustrates the diffusion paths leading to shape relaxation in multilayers by grain-boundary grooving. In the initial stage of relaxation, when the groove depth h is still small compared to the distance d' between the grain boundaries, its evolution is described by treatment13 of grain-boundary grooving at a free surface. The only difference is that vapor transport does not occur and that grain-boundary diffusion takes the place of surface diffusion. At these short distances lattice diffusion can be ignored. A simple dimensional analysis gives an estimate of the evolution with time, f:
where De6 is the (experimentally accessible) product of the grain-boundary diffusivity and thickness. Note the similarity to Equation 3. 
The temperature determines which type of diffusion dominates. For example, for d = 1 ,um in Cu, DLd = D&at 1300 K; for d = 10 pm the temperature is 1046 K. This is consistent with Coble creep as the dominant deformation mechanism in the zero-creep experiments discussed earlier in this section.8 By setting h = din Equation 6 , one can obtain an estimate of the time it takes to complete the grooving process. For l-pm Cu at 1000 K, the relaxation time is about 10' s. This again is consistent with the time scale of the zero-creep experiments.
Stability
The third instability, which applies to local grain dimensions and groove angles, is most immediately destructive. It was noted in the section on thin films and multilayers that the shapes of equilibrated interfaces in continuous films and multi-layers composed of regular arrays of grains can be generated from sections of spherical caps. However a continuous solution consistent with the grain volumes, dimensions, and groove angles of a particular material does not always exist. In its mildest form, this causes limited "pinchoff" at the triple junctions between grains. In more severe cases, it may lead to complete separation at grain boundaries and the development of a granular film. The range of behaviors of different creep samples was seen in Figure 4 : some maintained a layered structure for long testing times; others suffered pinchoff before exhibiting any significant creep deformation. For the reasons discussed in the section on kinetics, these stability issues become especially relevant as the layers become thinner, and are the likely origin of the granular nature of Ag/ NisoFe20 multilayers studied for their giant magnetoresistance. ' Even though pinchoff in polycrystalline layers is directly related to the presence of the grain boundaries (since it occurs at the triple junctions where they meet within the layers), the problem would be much worse in the absence of grain-boundary grooves. If these grooves are (inappropriately) neglected, infinitely deep perforations are predicted.15 In reality, the triple junctions in regular arrays of grains equilibrate at finite depth and do not perforate the film'0,'6 (unlike Mullins' isolated grain-boundary groove13). The development of these grooves causes stagnation of coarsening (grain growth) in thin films and multilayers by "anchoring" the boundary at the bottom of the groove." This stagnation process ultimately stabilizes films and multilayers against perforation since pits would eventually form when the in-plane grain size becomes much larger than the film or layer thickness.", '6 
